The mammalian target of rapamycin (mTOR) pathway plays a central role in regulating protein synthesis, ribosomal protein translation, and cap-dependent translation. Deregulations in mTOR signaling are frequently associated with tumorigenesis, angiogenesis, tumor growth and metastasis. This review highlights the role of the mTOR in anticancer drug resistance. We discuss the network of signaling pathways in which the mTOR kinase is involved, including the structure and activation of the mTOR complex and the pathways upstream and downstream of mTOR as well as other molecular interactions of mTOR. Major upstream signaling components in control of mTOR activity are PI3K/PTEN/AKT and Ras/Raf/MEK/ERK pathways. We discuss the central role of mTOR in mediating the translation of mRNAs of proteins related to cell cycle progression, those involved in cell survival such as c-myc, hypoxia inducible factor 1α (HIF-1α) and vascular endothelial growth factor (VEGF), cyclin A, cyclin dependent kinases (cdk1/2), cdk inhibitors (p21 Cip1 and p27 Kip1 ), retinoblastoma (Rb) protein, and RNA polymerases I and III. We then discuss the potential therapeutic opportunities for using mTOR inhibitors rapamycin, CCI-779, RAD001, and AP-23573 in cancer therapy as single agents or in combinations to reverse drug resistance.
Introduction
The mammalian target of rapamycin (mTOR, also known as rapamycin-associated protein [FRAP] , rapamycin target [RAFT1], or sirolimus effector protein [SEP] ) was identified and cloned shortly after the discovery of the two yeast genes, TOR1 and TOR2 (Brown et al., 1994; Chiu et al., 1994; Kunz et al., 1993; Sabatini et al., 1994) . The structure of mTOR is highly conserved. Human mTOR has a 95% amino acid sequence identity to the mouse and rat TOR proteins. mTOR is a 289 kDa serine/threonine kinase and is a member of the large phosphatidylinositol 3-kinase (PI3K)-related kinase (PIKK) family and its catalytic kinase domain in the C-terminus is highly homologous to the lipid kinase domain of PI3K. The members of this family are involved in such basic cellular functions as cell proliferation, cell cycle progression, DNA damage checkpoints, and maintainance of telomere length. Dysfunction of PIKK-related kinases results in disorders such as cancer and immunodeficiency (Bjornsti and Houghton, 2004; Janus et al., 2005) .
In cancer cells often receptor tyrosine kinases (RTKs), such as epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR) or insulin-like growth factor 1 receptor (IGF-1R) are aberrantly actived and may trigger multiple cytoplasmic kinases including serine/threonine kinases (Faivre et al., 2006) . These cellular signaling pathways promote cancer development independently or in parallel and/or through cross-talk and involve frequently, the PI3K/AKT kinase pathway and mitogenactivated protein kinase (MAPK) cascades (Tortora et al., 2007) . Both these signaling cascades can regulate the function of mTOR (Faivre et al., 2006; Shaw and Cantley, 2006) .
The ability of cancer cells to become resistant to anticancer agents remains a significant impediment to successful chemotherapy. Multiple mechanisms have been shown to contribute to cancer cell drug resistance, including reduction of drug accumulation, increase of thiolcontaining biomolecules such as glutathione and metallothioneins, enhancement of the DNA damage repair, and multiple deficiencies in apoptosis induction (Estrela et al., 2006; Madhusudan and Middleton, 2005; Mollinedo and Gajate, 2006; Yu, 2006; Fojo, 2007; Broxterman and Georgopapadakou, 2007) . Recently, also mTOR signaling has been implicated not only in tumor development, but also in drug resistance against chemotherapy and radiotherapy (Beuvink et al., 2005) and targeting of mTOR with rapamycin or its analogs has been shown to inhibit tumor growth and render tumors sensitive to chemotherapy in vivo (Dudkin et al., 2001; Frost et al., 2004; Stephan et al., 2004) . In this review, we highlight recent findings on the involvement of the mTOR signaling pathway in cancer cell survival, proliferation and drug resistance.
mTOR signaling pathway

mTOR structure and activation
It has been shown that the TOR pathway is essential for cell growth and development in fruit flies, nematodes and mammals and dysfunction of the gene encoding TOR leads to lethality in all species. TOR regulates cellular functions, including translation, transcription, mRNA turnover, protein stability, actin cytoskeletal organization and autophagy (Inoki et al., 2005; Jacinto and Hall, 2003; Moretti et al., 2007) .
Eukaryote TORs share 40%-60% identity in their primary sequence. mTOR comprises several conserved structural domains (Hay and Sonenberg, 2004; Janus et al., 2005) . The N-terminus of mTOR consists of 20 tandemly repeated motifs including Huntingtin, elongation factor 3, the A subunit of protein phosphatase 2A (PP2A), and TOR (HEAT motifs). The C-terminus consists of mutated FRAP-ataxia-teleangiectasia (FAT), a transformation/transcription domain associated protein domain, an FKPB12-rapamycin binding (FRB) domain, a catalytic kinase domain, a probable autoinhibitory or repressor domain, and a FAT carboxy-terminal domain. The catalytic kinase domain in the C-terminus has sequence similarity with the catalytic domain of PI3K, but there is no experimental evidence that it displays lipid kinase activity.
There are two distinct TOR complexes in mammals, mTORC1 and mTORC2. mTORC1 is a heterotrimeric protein kinase that consists of the mTOR catalytic subunit and two associated proteins, raptor (regulatory associated protein of mTOR) and mLST8 (also known as GβL); whereas mTORC2 consists of four different subunits: mTOR, mLST8/GβL, rictor (rapamycininsensitive companion of mTOR), and mSin1 (also known as mitogen-activated-protein kinase-associated protein 1) (Abraham, 2002) . FKBP12-rapamycin interacts with and inhibits mTORC1, but does not affect mTORC2; thus the mTORC1 complex is rapamycin-sensitive, while mTORC2 is not. It has been clarified that mTORC1 is responsible for sensing nutrient signals, while mTORC2 is involved in actin remodeling. Increasing evidence indicates that mTORC1 pathway activation is a hallmark of cancer, but the molecular mechanisms by which mTORC1 is regulating cancer development remain largely to be elucidated.
It is well known that the inactivation of tuberous sclerosis 1 (TSC1), also known as harmartin, and tuberous sclerosis 2 (TSC2), also known as tuberin, which acts as a crucial negative regulator of mTORC1 (see Figure 1) , can cause the tumor-prone syndrome tuberous sclerosis complex (TSC) and lymphangio leiomyomatosis (LAM) (Gao et al., 2002; Sabatini et al., 1994) . The TSC1-TSC2 heterodimer is a GTPase activating protein for Rheb (Ras homologue enriched in brain) and plays an important role in mTORC1 activation. Inactivation of tumor suppressors such as PTEN (phosphatase and tensin homolog deleted on chromosome ten), serine-threonine kinase 11 (STK11, also known as LKB1), NF1 (neurofibromatosis 1) or p53 causes the inhibition of TSC1-TSC2, thus leading to the activation of mTOR pathway. For example, loss or mutation of PTEN activates AKT, which directly phosphorylates and inhibits TSC1-TSC2. The loss of STK11 suppresses AMPK (AMP-activated protein kinase), which normally mediates an activating phosphorylation of TSC1-TSC2 (Faivre et al., 2006) . Neurofibromin, the product of NF1 gene, contains a small domain that shares significant homology with proteins belonging to the guanosine triphosphatase (GTPase) activating protein (GAP) family, involved in the negative regulation of small GTPase proteins like Ras. Loss of NF1 results in the accumulation of Ras in the GTP-bound state and causes AKT activation and TSC1-TSC2 inhibition via PI3K (Cichowski and Jacks, 2001; Houshmandi and Gutmann, 2007; Shaw and Cantley, 2006) . Evidence in favour of p53 involvement in the regulation of mTOR activity is: 1) the inhibition of mTOR activity by p53 activation is mediated primarily by activation of AMPK (AMP-dependent protein kinase) in a p53-dependent fashion with the subsequent activation of the TSC1/TSC2 complex; 2) the activation of p53 increases the mRNA expression of both the PTEN and TSC2 genes (Feng et al., 2005) . Thus, the inactivation of p53 leads to mTOR activation by TSC1-TSC2 inhibition. Some tumor-prone syndromes related with molecules in mTOR pathway including Cowden syndrome, tuberous sclerosis complex, lymphangioleiomyomatosis, neurofibromatosis 1, and Peutz-Jeghers syndrome are shown in detail in other reviews (Faivre et al., 2006) .
Signaling upstream of mTOR
2.2.1. The PI3K/AKT signaling pathway-PI3K is composed of heterodimers of a p110 catalytic subunit and a p85 regulatory subunit (Cantley, 2002; Ward and Finan, 2003) . RTKs interact with the p85 regulatory subunit of PI3K via the Src homology 2 (SH2) domain of p85, which dimerizes with p110 catalytic subunit of PI3K and localizes the p85/p110 heterodimer to the plasma membrane, while Ras interacts directly with the p110 catalytic subunit of PI3K in a GTP-dependent manner. RTKs can also indirectly activate PI3K via other proteins such as protein kinase C (PKC), SHP1, Rho, and Src (Hennessy et al., 2005) . Upon activation, PI3K phosphorylates the D3 hydroxyl of PI(4)P and PI(4,5)P2 to produce PI(3,4)P2 and PI(3,4,5) P3, respectively. PI(3,4,5)P3 binds to a subset of proteins containing pleckstrin-homology (PH), FYVE, Phox (PX), C1 and C2 domains. PTEN phosphatase can dephosphorylate PI (3,4,5)P3 back to PI(4,5)P2. Thus, activation of PI3K and mutation of PTEN are frequent events in cancer (Jiang and Liu, 2008) .
AKT/PKB is activated by the PI3K product PI(3,4,5)P3 through the binding of the AKT pleckstrin homology (PH) domain, which triggers AKT to localize to the plasma membrane where AKT is phosphorylated by phosphoinositide-dependent kinase 1 (PDK1) at Thr 308 (Datta et al., 1999; Engelman et al., 2006; Sarbassov et al., 2005) . In addition, Akt can be phosphorylated at the hydrophobic C-terminal domain (Ser 473) by PDK2 for its full activation (Blume-Jensen and Hunter, 2001; Hennessy et al., 2005) . Upon full activation, AKT translocates to the nucleus and directly phosphorylates and inhibits TSC1 and TSC2, which in turn activate mTOR and downstream targets (Faivre et al., 2006) . Overexpression and mutation of AKT is observed in various cancers (Jiang and Liu, 2008) and is an anticancer drug target under active investigation (Broxterman and Georgopapadakou, 2007) .
The
Ras/Raf/MEK/ERK signaling pathway-The Ras/MAPK pathway targets TSC2 as discovered by the observation that expression of an activated allele of ras induces TSC2 phosphorylation (Roux et al., 2004) . Ras proteins (H-, K-and N-Ras) function as a GDP/ GTP-regulated switch and as an important oncoproteins. In normal quiescent cells, Ras is GDPbound and inactive. Upon stimulation by growth factors, hormones or cytokines, the activated GTP-bound form of Ras binds to and activates Raf kinase (Repasky et al., 2004; Wolthuis and Bos, 1999) . There are three different isoforms of Raf serine/threonine kinases in mammalian cells: A-Raf, B-Raf and C-Raf (RAF1). A-Raf and B-Raf have a tissue-restricted expression, while C-Raf is expressed ubiquitously in all tissues and cells.
Upon activation, Raf phosphorylates and activates MEK, which activates ERK/MAPK. ERK phosphorylates both cytosolic and nuclear substrates leading to regulation of gene expression, cytoskeletal rearrangements and metabolism (Schubbert et al., 2007; Roberts and Der, 2007) . In addition to extracellular stimuli, loss of NF1 also causes accumulation of GTP-bound Ras and ultimately triggers activation of mTORC1 signaling (Johannessen et al., 2005) . Also, the reduced expression of a conserved microRNA (let-7) that targets the 3′ untranslated region of H-ras, N-ras and K-ras mRNAs increased Ras activity Kolfschoten et al., 2005; Shaw and Cantley, 2006) .
Ras and Raf are frequently mutated or aberrantly expressed in human cancer. For example, Ras mutations occur in pancreatic, papillary thyroid, colon, non-small cell lung, biliary tract, bladder, breast, cervix, endometrial, ovarian and liver cancer (Schubbert et al., 2007; Roberts and Der, 2007; Bamford et al., 2004) . The most important isoform of Raf is B-raf, in which active form of mutations have been found in 27%∼70% of human malignant melanomas (Eberle et al., 2007) , and 36%∼53% of thyroid, 5%∼22% of colon, and 30% of ovarian cancers (Garnett and Marais, 2004) . It has been reported that in some cases B-Raf mutations may lead to heterodimerization with C-Raf and activation of ERK/MAPK signaling pathway (Garnett et al., 2005) .
AMPK and other molecules-Nutrients
represent an important regulator of mTOR activity (Tsang et al., 2007) . Amino acid starvation results in a rapid dephosphorylation of S6K1 and 4E-BP1, whereas re-addition of amino acids restores S6K1 and 4E-BP1 phosphorylation in an mTORC1-dependent manner (Hay and Sonenberg, 2004) . Nutrients may regulate TOR signaling through energy production in the form of ATP. AMP-activated protein kinase (AMPK) activity can be regulated by the cellular energy level through the balance in ATP:AMP ratio, which when low under nutrient deprivation activates AMPK. Activated AMPK on its turn can phosphorylate TSC2 at multiple serine and threonine sites leading to inactivation of mTOR (Inoki et al., 2003) . In addition, since the Km of mTOR for ATP is in the mM range which is close to the intracellular ATP concentrations, mTOR activation may be influenced by the intracellular concentrations of ATP independent of the levels of amino acids, suggesting that mTOR serves as a homeostatic sensor of ATP (Dennis et al., 2001) . Moreover, various environmental stressors also regulate mTOR signaling. For example, hypoxia and DNA damage down-regulate mTOR activity (Tsang et al., 2007) . Upon hypoxia, hypoxia-inducible factor 1 (HIF-1) upregulates both REDD1 and REDD2 (Figure 1 ), which act upstream of TSC1 and TSC2 to inhibit mTORC1 signaling and protein synthesis. DNA damage may inhibit mTOR signaling via p53 expression and AMPK activation (Feng et al., 2005) .
Signaling downstream of mTOR
mTOR is a central regulator of protein synthesis, cell proliferation, cell cycle progression and cell survival. The mTORC1 pathway regulates cell growth through its downstream effectors such as the regulators of translation 4EBP1 (eukaryotic translation initiation factor 4E binding protein 1) and p70S6K1 (ribosomal S6 kinase 1).
4EBP1-4EBP1
represses the initiation of protein translation through its association with the mRNA cap-binding subunit of the eukaryotic translation initiation factor eIF4F (Sonenberg and Gingras, 1998) . mTOR directly phosphorylates and inhibits 4EBP1 activity and may also indirectly inhibit protein serine/threonine phosphatase, which in turn dephosphorylates 4EBP1 during G1-to-S phase transition (Faivre et al., 2006) . EBP1 is an inhibitor of eukaryotic translation initiation factor 4E (eIF4E), which is activated by various mitogenic stimuli. Overexpression of eIF4E is sufficient to induce cell transformation (Rousseau et al., 1996) . The active form of mTOR phosphorylates 4EBP1 at several serine/ threonine sites to promote the dissociation of eIF4E from 4EBP1. Free eIF4E can form the multisubunit eIF4F complex through binding to eIF4G (a large scaffolding protein), eIF4A (an ATP-dependent RNA helicase), and eIF4B, facilitating cap-dependent protein translation and inducing an increase in translation of mRNAs with regulatory elements in the 5′-untranslated terminal regions (5′-UTR) of its downstream target genes such as c-myc, ornithine decarboxylase and cyclin D1, which are required for G1-to-S phase transition (Faivre et al., 2006) . In contrast, in quiescent cells or under growth-factor-deprived conditions, unphosphorylated 4EBP1 binds tightly to eIF4E, inhibiting initiation of protein translation. The inhibition of mTOR activation by nutrient deprivation or by rapamycin causes 4EBP1 dephosphorylation, which prevents protein translation. Inhibition of mTOR lead to downregulation of ribosome biogenesis and upregulation of catabolic processes such as autophagy, which is essential for adaptation and survival during starvation conditions (Jastrzebski et al., 2007; Mayer and Grummt, 2006) .
P70S6K1-
The serine/threonine kinase p70S6K1 (S6K1) is another important downstream target of mTOR. P70S6K1 can also be activated by TOR-insensitive signaling pathways such as PDK1, MAPK and stress-activated protein kinase (SAPK). Activated mTOR phosphorylates p70S6K1 and leads to the recruitment of the 40S ribosomal subunit into translating polysomes, which enhances the translation of mRNAs with a 5′-terminal oligopolypyrimidine (5′-TOP). The phosphorylation of p70S6K1 at Thr389 by mTOR is required for its activation since the substitution of this residue with alanine blocks its activity (Dennis et al., 1996) . At least three phosphorylation sites have been identified in p70S6K1, and all of them can be blocked by mTOR inhibitors. The targets of p70S6K1 include ribosomal proteins, elongation factors, and insulin growth factor 2 (Faivre et al., 2006) . In addition, p70S6K1 also phosphorylates the eIF4G and eIF4B units of the eIF4F complex. P70S6K1 also has a negative feedback loop to repress PI3K/AKT pathway by inhibiting insulin receptor substrate 1 (IRS1) and IRS2 expression (Haruta et al., 2000; Sabatini et al., 1994) . P70S6K1 can phosphorylate the pro-apoptotic molecule BAD on Ser136 disrupting BAD binding to the mitochondrial death inhibitors Bcl-XL and Bcl2 (Faivre et al., 2006) .
2.3.3.
Other molecular interactions of mTOR-mTOR inhibitors can additionally block cell cycle progression and cell proliferation through disrupting cyclin dependent kinase 4 (CDK4)-cyclin D1 complexes. mTOR inhibition also upregulates CDK inhibitor p27 at both mRNA and protein levels, prolongs its half-life and facilitates the formation of complexes between p27 and CDK/cyclins (Hashemolhosseini et al., 1998; Kawamata et al., 1998) . mTOR may also regulate protein synthesis at both transcriptional and translational levels through the function of polymerases (Pol) I and III in regulating RNA transcription (Mayer and Grummt, 2006; Mayer et al., 2004; James and Zomerdijk, 2004) . Finally, mTOR activity also plays an important role in pRb synthesis and phosphorylation during cell cycle progression (White, 1997) . Decrease of CDK4-cyclin D1 complexes by an mTOR inhibitor also inhibits pRb phosphorylation (Faivre et al., 2006; Baker et al., 2005; Ilyin et al., 2003) again highlighting the profound role of mTOR in regulation of the G1-to-S transition.
3. mTOR and drug resistance 3.1. mTOR signaling and cancer mTOR mediates the translation of mRNAs related with cell cycle check-points, regulates the expression of survival factors such as c-myc, HIF-1α and vascular endothelial growth factor (VEGF) and is involved in the regulation of cyclin A, cyclin dependent kinases (cdk1/2), cdk inhibitors (p21 Cip1 and p27 Kip1 ), retinoblastoma (Rb) protein, RNA polymerases, protein phosphatases (PP2A, PP4 and PP6) and CLIP-170. mTOR also plays a key role in regulating cancer cell proliferation, apoptosis, cell migration and tumor angiogenesis (Huang et al., 2003a) . Our previous studies have shown that p70S6K1 is an important molecule in regulating cell proliferation, tumor growth and angiogenesis through mediating HIF-1 and VEGF expression by its upstream pathways such as PI3K/AKT and ERK (Fang et al., 2005; Liu et al., 2006a; Meng et al., 2006; Skinner et al., 2004a; Zhong et al., 2004; Zhou et al., 2007; Gao et al., 2004a) . In addition mTOR also regulates human double minute 2 protein phosphorylation and stability . Some carcinogens including arsenite can activate p70S6K1 through ROS production and the PI3K/AKT pathway (Skinner et al., 2004b; Gao et al., 2004b) .
Thus the signaling pathways that activate mTOR are altered in many human cancers. For example, an increased copy number and somatic mutations of PIK3CA, the gene encoding the p110α catalytic subunit of PI3K, was observed in ovarian, cervical, gastric, ovarian, breast, colorectal, gastric, lung, hepatocellular, thyroid and endometrial cancers, glioblastomas and acute leukemia. The deletion and somatic mutations of the p85α regulatory subunit (PIK3R1) were found in primary human glioblastoma, colon and ovarian cancer . The tumor suppressor PTEN is frequently mutated or lost in many kinds of cancers and the decreasing levels of PTEN expression are correlated with poor prognosis of cancers, such as ovarian, prostate and cervical cancer . All these changes result in constitutive activation of AKT and consequently mTOR signaling.
Inactivating mutations of STK11/LKB1 are associated with the Peutz-Jeghers syndrome, which is characterized by gastrointestinal hamartomatous polyps and mucocutaneous pigmentation as well as an increased risk for gastrointestinal, breast and female genital tract cancers (Jenne et al., 1998; Hemminki et al., 1998; Bruwer et al., 1954) . LKB1 also affects tumor angiogenesis, invasiveness and metastasis (Zhuang et al., 2006) . Mutations of TSC2 lead to tuberous sclerosis syndrome, which is is an autosomal dominant disorder characterized by widespread hamartosis and TSC2 mutations may be a risk factor for developing tumors such as pancreatic islet-cell tumors and renal cell carcinoma (Sampson and Harris, 1994; Merritt et al., 2006; Yeung et al., 1994) . Loss of TSC2 is also associated with tumor metastasis and development (PachecoRodriguez et al., 2007) . P70S6K1 overexpression and activation has been reported in several tumor cell lines, it is amplified in some breast cancers (Couch et al., 1999; Holz and Blenis, 2005) and it is also associated with tumor angiogenesis and invasiveness (Pende et al., 2004; Skinner et al., 2004a) . Recent study implicates that p70S6K1 can directly phosphorylate mTOR at threonine 2446/serine 2448, which has been shown previously to be part of a regulatory repressor domain (Holz and Blenis, 2005) . 4EBP1 is another mTOR substrate that inhibits the function of eIF4E. It has been reported that in gastrointestinal cancer both eIF4E and 4EBP1 are frequently overexpressed, but the 4EBP1 levels are the most elevated in patients that have little or no metastatic disease (Martin et al., 2000) . On the contrary, recent studies have found that p-4EBP1 is mainly expressed in poorly differentiated tumors and correlated with high-grade tumors and a poor prognosis in human breast tumors and ovarian cancer (Rojo et al., 2007; Castellvi et al., 2006) . It has been demonstrated that eIF4E acts as an oncogene by mediating cell transformation (DeFatta and De Benedetti, 2003) . The gene encoding eIF4E is amplified in head and neck carcinoma and breast cancers (Sorrells et al., 1998; Sorrells et al., 1999) . Overexpression of eIF4E in experimental models dramatically alters cellular morphology, enhances proliferation and induces cellular transformation, tumorigenesis and metastasis and is associated with some solid tumors such as colon, breast and esophageal cancer (McClusky et al., 2005; Salehi and Mashayekhi, 2006; Rosenwald et al., 1999) . The levels of eIF4E are also correlated to the progression of head and neck, bladder, gastric and breast cancer (McClusky et al., 2005; Nathan et al., 1999; Chen et al., 2004; Crew et al., 2000) . eIF4F activation is an essential component of the malignant phenotype in breast carcinoma (Avdulov et al., 2004) . In addition, other translation initiation factors that form the eIF4F complex might be implicated in tumorigenesis. For example, eIF4GI is amplified and overexpressed in squamous cell lung carcinomas (Brass et al., 1997; Mamane et al., 2006) , and eIF4GI overexpression induces NIH 3T3 cells transformation (Fukuchi-Shimogori et al., 1997) . eIF4A is overexpressed in human melanoma cells and in hepatocellular carcinomas (Mamane et al., 2006; Eberle et al., 1997; Shuda et al., 2000) and antisense RNA against translation factor eIF4A1 decreased the proliferation of human melanoma cell lines (Eberle et al., 2002) .
Role of mTOR signaling pathway in drug resistance
The mTOR signaling pathway has been implicated in multiple anticancer drug resistance mechanisms. Many mutations in cancer such those in EGFR, Ras, PI3K and AKT confer survival signals and therefore the anti-apoptotic effects of mTOR and p70S6K1 signaling are a logical potential mechanisms of drug resistance. Some examples of mTOR pathway involvement in specific drug resistance mechanisms are listed below and summarized in Table  1: ■ The retinoid acid resistant NB4 promyelocytic cell lines exhibit defect in the regulation of 4EBP1 and 4EBP2 (Grolleau et al., 2000) .
■ mTOR activation has been associated with vincristine resistance (Vanderweele and Rudin, 2005) .
■ Recent evidence indicates that activation of PI3K pathway, either via loss of the tumor suppressor PTEN or through amplification of the PI3K encoding PIK3CA, can mediate trastuzumab resistance in breat cancer patients (Berns et al., 2007) . The activated PI3K/AKT pathway promotes resistance to anti-estrogen drugs in breast cancer (Tokunaga et al., 2006; Clark et al., 2002; Campbell et al., 2001; Frogne et al., 2005) . In addition, PI3K overexpression and PTEN reduction contribute to cisplatin resistance in ovarian cancer cells . Deregulated expression of PTEN also leads to breast cancer drug resistance. In prostate cancer cells, the PI3K/PTEN pathway also plays an important role in drug resistance (McCubrey et al., 2007) .
■ PI3K can mediate the expression of MDR1, which is a transmembrane drug transporter (Tazzari et al., 2007; Lee, Jr. et al., 2004) .
■ Constitutively active AKT is an important regulator of drug resistance against TRAIL (Chen et al., 2001; Bortul et al., 2003) , cisplatin (Fraser et al., 2008; Liu et al., 2007; Lee et al., 2005; Gagnon et al., 2004) , erlotinib (Tarceva®) (Yamasaki et al., 2007) , taxol (Liu et al., 2006c) , arsenic trioxide (Tabellini et al., 2005) , all-transretinoic acid (Neri et al., 2003) , etoposide and doxorubicin (Yu et al., 2008; Tanaka and Grossman, 2003) . PI3K/AKT is also a crucial survival pathway in imatinibresistant gastrointestinal stromal tumors (Bauer et al., 2007) . The mTOR/p70S6K1 pathway is downstream of PTEN and AKT in inducing resistance to TRAIL in human glioblastoma (Panner et al., 2005) . The Akt isoform, AKT1, is associated with taxol resistance in hepatoma, AKT2 is involved in cisplatin resistance in ovarian cancer cells, AKT2 and AKT3 are associated with cisplatin resistance in human uterine cancer cells (Gagnon et al., 2004; Yuan et al., 2003; Lin et al., 2003) . Amplification and overexpression of AKT1 is involved in cisplatin resistance in human lung adenocarcinoma and rapamycin, the inhibitor of mTOR, reversed cisplatin resistance . A similar result was observed for cisplatin resistance in human breast cancer cells (Eckstein et al., 2008) , indicating that AKT plays an important role in cisplatin resistance.
■ The Raf/MAPK pathway is usually associated with cell proliferation and drug resistance in hematopoietic cells (McCubrey et al., 2007) . It is reported that MEK and ERK can regulate MDR1 expression (Katayama et al., 2007) . It has been reported that the activation of ERK and/or p38 MAPK is associated with resistance to cisplatin (Wang et al., 2007; Villedieu et al., 2006) , endocrine therapy (Cui et al., 2006; Svensson et al., 2005) , TRAIL , etoposide , doxorubicin (Lin et al., 2005) , gefitinib (Iressa®) (Han et al., 2005) or PD153035 (small molecule inhibitors of epidermal growth factor receptor) (Li et al., 2003) , 5-fluorouracil (Zhao et al., 2006) and vincristine (Kisucka et al., 2001 ). The MAPKs also include c-Jun N-terminal kinase (JNK), which is shown to be involved in resistance to tamoxifen, cisplatin, doxorubicin, and mechlorethamine (Small et al., 2007; Wang et al., 2006b; Cui et al., 2006; Lin et al., 2005) .
Role of mTOR inhibitors in cancer treatment and modulation of drug resistance
mTOR inhibitors and tumor selectivity
Rapamycin (sirolimus) is a macrocyclic lactone product from the soil bacteria Streptomyces hygroscopicus. It was isolated and identified as an antifungal agent, especially active against Candida albicans. In the 1990s, it was approved by the FDA as an immunosuppressive agent. Later it was found to have antitumor and immunosupressive properties. Rapamycin and its analogs CCI-779 (temsirolimus), RAD001 (everolimus), and AP-23573 inhibit mTOR activation by binding to FK506-binding protein-12. These drugs are currently under the clinical evaluation for cancer treatment. Preclinical studies indicated that these compounds have cytostatic activity as a single agent in animal models and have synergistic effects in combination with conventional cytotoxic agents, with tamoxifen or with radiation. In clinical studies, these compounds have shown activity in many types of solid cancers (Granville et al., 2006) . A very recent study demonstrated antitumor activity of rapamycin in patients with recurrent PTEN-deficient glioblastoma (Cloughesy et al., 2008) .
In Phase II clinical studies, CCI-779 has been shown to have effects in patients with renal cell carcinoma and glioblastoma, who were previously treated with standard therapy (Galanis et al., 2005; Chan et al., 2005) . The combination treatment of CCI-779 and the aromatase inhibitor letrozole is currently used for treating metastatic breast cancer in a Phase III study. RAD001 treatment enhanced chemotherapy effect in relapsed non-small cell lung cancer and refractory gastrointestinal stromal tumor (Granville et al., 2006) . AP-23573 is a phosphorus-containing derivative of rapamycin, developed in both intravenous and oral formulations. Similar to CCI-779 and RAD001, AP-23573 has antiproliferative activity in a variety of PTEN-deficient cancer cell lines, including glioblastoma, prostate, breast, pancreas, lung and colon cancer cells (Rowinsky, 2004) .
The activation status of upstream or downstream signaling pathways of mTOR might profoundly affect the response to treatment with mTOR inhibitors. Since insulin-like growth factors (IGF-I /II) and insulin specifically inhibit rapamycin-induced cell apoptosis (Thimmaiah et al., 2003) , the combination of IGF receptor inhibitors with mTOR inhibitors may selectively repress growth of tumors with high IGF or insulin expression. In PTENdeficient cancer cells, AKT activation enhances p70S6K1 activity and 4EBP phosphorylation, and increases c-Myc expression. These PTEN-deficient cells depend on the activation of mTOR for cell proliferation and are therefore more susceptible to the treatment with mTOR inhibitors (Neshat et al., 2001; Huang et al., 2003a; Shi et al., 2002) . Similarly, tumors developing in patients with tuberous sclerosis may be sensitive to treatment with mTOR inhibitors. Ectopic expression of p53 or p21 Cip1 protects cells from rapamycin-induced apoptosis through activation of apoptosis signal-regulating kinase 1 (ASK1) (Huang et al., 2003b) , implicating that mTOR inhibitors would have a stronger therapeutic effect in the absence of p53 or p21 activity/expression.
mTOR inhibitors as modulators of drug resistance
As mentioned above, mTOR inhibitors, rapamycin or its analogs (Rapalogs) exert antitumor effect as a single agent and may have synergistic effects in combination with other chemotherapeutic drugs. These combinations are discussed below and are summarized in Table  2 .
Basic studies indicated that co-treatment with RAD001 and the aromatase inhibitor Letrozole or the selective estrogen receptor (ER) down-regulator Fulvestrant reversed AKT-mediated resistance and restored responsiveness to antiestrogen treatment (Beeram et al., 2007) . Inhibition of mTOR activity also restored tamoxifen response in breast cancer cells with aberrant AKT Activity (DeGraffenried et al., 2004) , suggesting a role of mTOR inhibitors in reversing hormone therapy for breast cancer.
The T790M mutation in EGFR has been identified in non-small cell lung cancer patients who are resistant to the EGFR inhibitor erlotinib. While, treatment with an irreversible EGFR tyrosine kinase inhibitor, HKI-272, inhibited only peripheral tumors but not bronchial tumors in a mouse lung cancer model model carrying the EGFR mutation, the combination of HKI-272 and rapamycin led to significant regression of both types of lung tumors in mice, indicating that this combination therapy may potentially benefit lung cancer patients with the EGFR mutations . Similar results were obtained by the combined treatment with CCI-799 and erlotinib in a head and neck squamous cell carcinoma (Jimeno et al., 2007) .
Rapamycin enhances the sensitivity of PTEN-deficient tumor cells to erlotinib in PTENdeficient glioblastoma cells (Wang et al., 2006a) . In addition, the combination of imatinib with rapamycin or RAD001 acts synergistically in Bcr-Abl-positive cells with moderate resistance to imatinib (Dengler et al., 2005) . Rapamycin synergized with the TKI imatinib against BCR/ ABL-transformed myeloid and lymphoid cells (Mohi et al., 2004) . Combination treatment of imatinib with the PI3K inhibitor, LY294002 or rapamycin has synergistic effect in inducing apoptosis when compared to the treatment with imatinib, LY294002 or rapamycin alone in lung cancer cells (Tsurutani et al., 2005) .
CCI-779 treatment restored the cisplatin sensitivity in small cell lung cancer cell lines selected for cisplatin resistance as well as cell lines derived from patients who failed to response to cisplatin treatment (Wu et al., 2005) . In addition, we have shown that amplification and overexpression of AKT1 is associated with cisplatin resistance in lung tumor, while combination of cisplatin with LY294002 or rapamycin inhibits cisplatin-resistant tumor growth .
Rapamycin enhanced paclitaxel-and carboplatin-induced apoptosis in breast cancer cells, especially in HER2/neu-overexpressing cells, suggesting that the inhibition of mTOR may provide a potential promising approach for treatment in this tumor type (Mondesire et al., 2004) .
Furthermore, inhibitors of mTOR sensitized multiple myeloma cells to apoptosis induced by dexamethasone (Stromberg et al., 2004) and reversed doxorubicin resistance conferred by PTEN mutation/Akt activation in prostate cancer cells (Grunwald et al., 2002) .
Trastuzumab (Herceptin) is a humanized monoclonal antibody that targets ErbB2. When given with adjuvant chemotherapy, trastuzumab significantly improves disease-free survival following surgical removal of ErbB2-positive breast tumors. PTEN is required for the antitumor activity of trastuzumab and PTEN loss predicted poor clinical response to trastuzumab-based chemotherapy in patients. It is a clinically applicable strategy to combine trastuzumab with inhibitors of the mTOR pathway. A recent preclinical study indicates that the combinations of trastuzumab or the Akt inhibitor triciribine with RAD001 are promising regimens for treating trastuzumab resistant tumors caused by PTEN loss . In a phase II study in breast cancer, the combination of the aromatase inhibitor letrozole and CCI-779 or RAD001 has demonstrated better progression-free survival than the letrozole treatment alone (Chollet et al., 2006) .
Conclusion and future directions
mTOR plays a central role in the cellular response to growth factors and receptor activation through PI3K/AKT and Raf/MEK signaling pathways and in the response to nutrients and stress through the AMPK/LKB1 signaling pathway. mTOR is involved in protein synthesis, cell proliferation, survival and multiple drug resistance mechansisms in cancer cells and upstream signaling molecules of mTOR including EGFR, IGF-1R, PI3K, PTEN, and AKT are frequently mutated in human cancer. Treatment with mTOR inhibitors as single agent can inhibit cancer cell proliferation and induce apoptosis and cell death. The Combination of mTOR inhibitors with other therapeutic agents has often synergistic effects in tumor growth inhibition in experimental models and in some clinical trials. These preliminary clinical data indeed indicate that mTOR inhibitors can modulate certain types of resistance in chemotherapy treatment refractory cancer. The inhibition of mTOR signaling therefore provides a strong lead to improve cancer treatment. Currently there are three promising rapamycin analogues in clinical trials for treating human cancer. The immediate future challenge is to determine whether or how these mTOR inhibitors can be applied in a highly tumor-specific way with little adverse effects and how to select the most sensitive patients among different genetic backgrounds. Also the molecular mechanisms of mTOR in conferring drug resistance still largely remain to be elucidated as well as the downstream targets of mTOR and p70S6K1 in regulating drug resistance remain to be identified. When ligands such as growth factors or insulin bind their receptor tyrosine kinases (RTKs) the RTKs dimerize and activate their kinase activity, resulting in phosphorylation of tyrosine sites on adaptor proteins such as the insulin receptor substrate (IRS) family. The phosphorylated tyrosine residues serve as docking sites for adaptor proteins such as GRB2, which recruit Ras guanine-nucleotide-exchange factors (GEFs) such as SOS. SOS stimulates the exchange of GDP for GTP on Ras. GTP-Ras activates its downstream pathways including phosphatidylinositol 3-kinase (PI3K)/AKT and Raf/MEK/ERK pathways. Neurofibromin 1 (NF1) is one of the GTPase-activating proteins (GAPs), which binds to activated Ras and catalyse GTP hydrolysis, hence returns Ras to its inactive GDP-binding state. PTEN (phosphatase and tensin homolog deleted on chromosome 10) dephosphorylates PI(3,4,5)P3 back to PI(4,5)P2 to antagonize PI3K. AKT is activated by PI3K and phosphorylated by 3-phosphoinositide-dependent protein kinase (PDK). AKT activation inhibits the tuberous sclerosis 1 (TSC1)-TSC2 heterodimer, which is a key negative regulator of mTOCR1 by suppressing a small GTP-binding protein, Ras homologue enriched in brain (Rheb). Growth factors, DNA damage, energy depletion, and hypoxia activate TSC1-TSC2 through different signaling pathways. The main function of the mTORC1 pathway is to regulate mRNA translation and ribosome biogenesis by phosphorylating and activating p70S6K1, which is an important regulator of cell size by controlling ribosomal protein translation. P70S6K1 inhibits IRS1 by directly phosphorylating it, thus forming a feedback loop. mTORC1 also phosphorylates eukaryotic translation initiation factor 4E binding protein (4EBP) and suppresses its function to inhibit the mRNA cap-binding protein eukaryotic initiation factor 4E (eIF4E). Growth factors regulate the activity of mTORC2 through PTKs. In addition to regulating the organization of actin, mTORC2 directly phosphorylates AKT on the hydrophobic site of its C-terminal, which is necessary for full AKT activation. Several other proteins, including cyclin dependent kinase 4 (CDK4)-cyclin D1 complexes, p27, pRb, and polymerases interact with mTOR. Thus, the mTOR pathway is involved in regulating the translation of proteins associated with drug resistance, controlling cell cycle progression and apoptosis and thereby contributes to cancer cell drug resistance.
